Abstract Regular physical activity, in the form of structured daily exercise, plays a large role in obesity management. Previous studies suggest that when sedentary men and women start an exercise training program, men lose more body weight than women. This has led researchers to reason that women are better at defending weight than men in response to exercise. In this article, we review exercise studies examining weight loss in men and women, and highlight hormonal, neuronal, and ad libitum energy intake responses to physical activity that is consistent with or in disagreement with sex differences in weight loss. The developing story may impact our view on the use of physical activity to influence body weight and whether a true sex difference is evident.
Introduction
Excess body weight is one of the greatest public health crises facing the U.S. Approximately 68 % of the adult U.S. population is overweight or obese, and the prevalence of obesity is now similar between men and women (35.5 % vs. 35.8 %, respectively) [1, 2] . Overweight and obesity greatly increases the risk for chronic disease including cardiovascular disease, diabetes, and some cancers [3, 4] . Thus, strategies to promote weight loss and/or prevent weight gain are of the utmost importance. Regular physical activity, in the form of structured daily exercise, plays a large role in body weight and obesity management. However, some exercise intervention studies suggest that men lose more weight than women. In this review, we will examine the exercise intervention studies and whether there is evidence of sex differences in weight loss. Moreover, we will highlight hormonal, appetite, and neuronal responses to physical activity that are consistent with or in disagreement with sex differences in weight loss.
Exercise and Weight Loss
In general, energy restriction, and not increasing energy expenditure via exercise alone, is the most common means to lose weight [5, 6] . Regular physical activity typically results in modest [5] [6] [7] , if any, weight loss but is a critical component of preventing weight regain [8, 9] . In a recent review, Jakicic [5] concluded that exercise alone, relative to controls, results in <3 % body weight loss (approximately 0.5-3 kg). The recent American College of Sports Medicine position stand states, "150-200 kcal/week of moderate intensity exercise does not result in clinically significant weight loss" [10] . Thus, a larger dose of physical activity (>2000 kcal/week) or physical activity combined with energy restriction is necessary to produce greater weight loss [11] [12] [13] .
Surprisingly, there is a lack of randomized controlled exercise studies comparing weight loss in men and women (see Table 1 for complete list of studies). To our knowledge, the Midwest Exercise Trial by Donnelly and colleagues is the only randomized controlled, supervised exercise trial to compare weight loss between sexes [14] [15] [16] . Overweight and obese men and women were randomized to an exercise (45 minutes day, 5 days per week) or a control group, and energy intake was allowed to vary (i.e., no intervention to restrict energy intake). After 16 months, men in the exercise group lost~5 kg, whereas controls stayed the same weight. In contrast, women in the exercise group had a small weight gain (approximately +0.6 kg), while the control group had a much larger weight gain (approximately 3.0 kg). This is supported by another study showing that 40 weeks of exercise training significantly lowered weight (approximately -1.0 kg; P<0.01) in men [17] . In contrast, exercise training did not significantly promote weight loss (approximately -0.9 kg, P>0.05) in women [17] . Despite men and women responding differently to exercise, the clinical meaningfulness of~1 kg of weight loss is questionable. Taken together, these data suggest that; 1) men lose more body weight than women in response to long-term exercise training, 2) women more accurately match energy intake with exercise expenditure and ultimately maintain body weight, and 3) men do not completely compensate by increasing energy intake to maintain energy balance and therefore are able to maintain an energy deficit and lose weight.
In spite of the findings mentioned above, emerging data suggests that men and women lose equivalent amounts of weight in response to exercise training. McTiernan et al. [18] randomly assigned men and women to an exercise group (facility or home-based at 60 min/d, 6 d/week) or control group for 12 months. Relative to controls, exercising men and women lost a significant amount of weight (-1.8 kg, -1.4 kg, respectively), with no difference between sexes. Recently, Caudwell et al. [19••] found that 12 weeks of supervised exercise (5 d/wk; exercise expenditure 0 500 kcal/d) significantly reduced mean weight in men (-3.0 kg) and women (-2.3 kg), with no difference between sexes. It is important to note that this was not a randomized study and did not have a control group. However, a central component of this study was that the exercise was lab based and supervised, suggesting that this may be a key to explaining differences between men and women (i.e., when exercise is prescribed but not supervised, sex differences might occur). Moreover, these data challenge the idea that women, compared to men, are better at defending weight and lose less weight in response to exercise.
Why the discrepant results in weight loss after exercise in men and women? When interpreting these data it is important to consider methodological factors that were (not) controlled when comparing exercise-induced weight loss in men and women. Moreover, others and we have designed studies to address whether biological differences may potentially explain differences in exercise-induced weight loss in men and women.
Exercise Energy Expenditure
The most obvious explanation as to why men lose more weight than women in response to exercise is the difference in exercise energy expenditure. In the Midwest Exercise Trial [14, 15] mentioned above, exercise energy expenditure was noticeably higher in men compared to women (667 vs. 439 kcal/session, respectively). This resulted in a significant weight loss in men but not women. On the other hand, in the study by Caudwell et al. [19• •], exercise energy expenditure was clamped for both sexes (500 kcal/session or 2500 kcal/ wk), which resulted in similar amounts of weight loss in men and women. However, it may be more challenging for women to achieve the same target exercise expenditure as men given that they have a lower weight and lower total daily energy expenditure. To achieve the same target exercise expenditure as men, women may need to exercise for a longer duration and/or at a higher intensity. It is important to note, that individual weight loss with exercise appears to be highly variable in both sexes. For example, Caudwell et al. [19••] showed that weight loss ranged from a loss of 14 kg to a gain of 4 kg in both sexes. In a series of exercise studies, Donnelly et al. [20] found in women almost half lost weight and half gained weight, whereas most men lose weight. Moreover, Bouchard [21] reported weight loss ranging from 3 to 12 kg after 4 months of exercise training in men. These data indicate in some individuals other components of the energy balance equation (i.e., energy intake, resting metabolic rate, non-exercise activity thermogenesis) are altered to preserve weight. Collectively, these data suggest that: 1) the amount of exercise expenditure plays a pivotal role in the observed sex differences in weight loss after exercise, 2) when basing exercise on the same duration and intensity in men and women as in the Midwest Exercise Trial, exercise expenditure is typically higher in men compared to women and may lead to differences in weight loss, 3) altering the duration of exercise to match energy expenditure between sexes may lead to similar weight loss in men and women, and 4) weight loss with exercise alone is highly variable regardless of sex.
Exercise and Appetite Hormones
To potentially explain sex differences in weight loss via exercise, previous studies have examined whether appetiteregulating hormones are different in men and women in response to exercise [22•, 23] . The premise behind assessing sex differences in appetite hormones is that women are better at defending weight and will increase energy intake to match the new higher energy expenditure, whereas men will not compensate by increasing energy intake and lose weight. This implies that differential effects of exercise on weight loss and energy intake result, at least partially, from key appetite hormones that mediate energy balance.
Appetite hormones are generally categorized as episodic (short-term) and tonic (long-term) signals. Episodic signals help control meal initiation, meal size, and meal termination [24] [25] [26] . Acylated (active) ghrelin is widely regarded as the main episodic hormone that stimulates energy intake. Both animal and human data suggest that peripheral infusion of ghrelin increases energy intake [27, 28] . Moreover, Cummings et al. [24] found that ghrelin concentrations spike prior to a meal, which suggests a role in meal initiation. Others have found that an energy deficit, and ultimately weight loss, increases ghrelin concentrations [29] [30] [31] . Recent data also suggests that Peptide tyrosinetyrosine (PYY) plays a role in meal termination. Peripheral infusion of PYY (active form of PYY) decreases energy intake in animals and humans [32] [33] [34] .
Tonic hormones, which include leptin and insulin concentrations, regulate overall energy balance and body weight (fat) over days or weeks. Animal data has consistently shown that higher concentrations of leptin and insulin decreases energy intake [35, 36] . In humans however, the role of leptin and insulin to decrease energy intake is less clear. Obese individuals typically have higher concentrations of leptin and insulin, implying that they may be "resistant" to the effects of these hormones. Recent data suggest that low concentrations of these hormones stimulates energy intake [37] [38] [39] . Thus in humans, these hormones may be more sensitive and defend an energy deficit or lower weight to stimulate energy intake, as opposed to decreasing energy intake as initially thought.
In one of the first human studies designed to assess exercise-induced sex differences in appetite hormones, Hickey et al. [23] exercised men and women for 12 weeks (4 days/wk, 45 minutes/day). Exercise significantly lowered (approximately -18 %) leptin and insulin concentrations in women. In contrast, exercise had no impact on these hormones in men. These data provide initial support that exercise alters appetite hormones in a direction expected to stimulate energy intake in women but not in men, and that women may be better at defending weight after exercise.
To comprehensively address the "exercise-induced sex differences in appetite hormones" question, we assessed [22•] appetite hormones in three conditions in previously sedentary, overweight/obese men and women; 1) noexercise baseline, 2) exercise in energy deficit (energy intake not raised to meet new higher exercise expenditure), and 3) exercise in energy balance (energy intake raised to meet exercise expenditure). We noted clear sex differences in appetite hormones in response to exercise. In women, acylated ghrelin was significantly higher and insulin concentrations significantly lower after exercise in energy balance, suggesting an independent effect of exercise alone. Exercise in energy deficit resulted in a more robust acylated ghrelin and insulin response in women. In contrast to women, in men we observed only lower insulin concentrations after exercise in energy deficit and no change in acylated ghrelin after exercise, regardless of energy status. It is important to note that energy intake was rigidly controlled (independent variable) in this study, which limits our ability to infer whether higher acylated ghrelin and lower insulin concentrations after exercise in women would increase actual energy intake. Others have found that exercise-induced weight loss increases ghrelin concentrations in women [29, 30, 40] , whereas men have no change in ghrelin concentrations after exercise-induced weight loss [41] . Taken together, these studies suggest that appetite hormones in women are altered in a direction expected to stimulate energy intake with exercise alone that is potentiated with an energy deficit. In contrast, men exhibit subtle, if any, changes in appetite hormones in response to exercise regardless of energy status. Clearly, more work needs to be done to determine whether long-term exercise (months/ years) impacts appetite hormones differently in men and women, and whether sex differences in appetite hormones have a meaningful influence on energy intake and weight loss in response to exercise.
Exercise and Neuronal Responses
Despite the clear sex difference in appetite hormones in response to exercise, little is known of how exercise impacts the neuroanatomical correlates that control energy intake. Moreover, even less is known how sex-based differences associated with acute and regular exercise, influences neurocognitive functioning and reward processing in the brain. In this section we will briefly discuss the emergence and utilization of neuroimaging techniques and review emerging evidence investigating exercise-related sex differences in neuronal response to food cues. The regulation of energy intake is a complex, multifaceted process involving internal and external homeostatic and non-homeostatic signals. The homeostatic regulation of energy intake has gained considerable attention (see above) and involves key appetite hormones (e.g., acylated ghrelin, leptin) and their impact on energy intake [42, 43] . However, non-homeostatic signals, such as learned behaviors, cognitive state, social context, external cues, and availability of food, also play a large role in the regulation of energy intake [44] [45] [46] . Ultimately, the interaction of homeostatic and nonhomeostatic signals determines whether to initiate and terminate a meal, and how much food to consume. However, the process of how the brain incorporates these signals remains unclear.
With advancements in spatial and temporal resolution in neuroimaging, specifically functional magnetic resonance imaging (fMRI), it is possible to monitor dynamic processes ongoing in the brain using BOLD signals as a measure of neural activity [47] to gain a understanding of the regulation of energy intake. Several studies have evaluated neuronal responses to visual food cues at rest, showing changes in brain regions essential to the regulation of energy intake [48] [49] [50] [51] [52] [53] [54] [55] [56] . Killgore et al. [51] observed significant activity in numerous food reward, inhibitory control, and visual brain regions (e.g., insula, amygdala, medial frontal gyrus, precuneus, etc.) in response to visual food cues. A recent meta-analysis showed the most concurrent brain regions activated in response to visual food cues were the fusiform gyrus, orbitofrontal cortex and insula [57] , all of which play a central role in controlling energy intake. Moreover, studies have shown that brain activity varies by sex. Kilgore and Yurgelun-Todd [54] found that women relative to men, showed greater neuronal responses in the prefrontal cortex (food reward region), specifically the inferior frontal gyrus. In addition, Uher et al. [58] found that women, compared to men, had a stronger response in the insula (food reward brain region). Others have found that women have greater neuronal responses in food reward regions (i.e., putamen) and other taste brain regions [59] . Collectively, these data suggest that at rest women, compared to men, have greater neuronal responses in superficial food reward brain regions. In contrast, men tend to have greater neuronal responses in deeper brain region (e.g., hypothalamus) that controls energy intake.
Surprisingly little is known about how exercise affects food reward centers in the brain. To directly address this question, we had 30 (17 men and 13 women), healthy, normal-weight, subjects complete 60-minute of highintensity exercise or 60-minutes of rest (no-exercise), in a counterbalanced, crossover fashion [60•] . Immediately after each condition, BOLD signals in response to high-energy foods (e.g., chocolate cake, etc.), low-energy foods (e.g., vegetables, etc.) and control images (e.g., brick walls, etc.) were measured. We found that aerobic exercise, compared to the rest condition, reduced the neuronal response in food reward (i.e., insula, orbitofrontal cortex, putamen, rolandic operculum) and visual attention (i.e., inferior and middle occipital gyrus) brain regions. This is consistent with a recent study [61] showing that chronic exercise (40-60 minutes/day for 6 months) lowered the neuronal response in the insula (food reward region) in overweight/obese individuals. Thus, these data suggest that both acute and chronic aerobic exercise reduces neuronal responses in food reward and visual attention brain regions, consistent with reducing the pleasure and palatability of food, incentive motivation to eat, and anticipation and consumption of food In exploratory analyses (unpublished observation), we recently assessed exercise-induced changes in neuronal responses in men and women analyzed separately. We found that men had reduced neuronal responses in visual-attention brain regions (e.g., right inferior occipital gyrus, etc.). Women displayed reduced neuronal responses in both visual-attention (e.g., left middle occipital gyrus, etc.) and motor control brain regions (e.g., left supplemental motor area, etc.). Interestingly though, in men the extent of deactivation in visual attention regions was greater, suggesting that they are less responsive to food cues. This is in line with others showing sex differences in visual-attention brain regions [50, 62] . The greater activity in the visual cortices may be an important component in the cognitive process of the control of energy intake and of related behavior in women. However, it is important to note that no published data has directly assessed whether exercise alters brain activity differently in men and women (we conducted analyses separately in men and women), and whether this plays an important role in potential sex differences in weight loss with exercise training.
Exercise and Ad Libitum Energy Intake
Emerging data has shown that exercise has a strong impact on ad libitum energy intake [63] [64] [65] [66] [67] [68] . For example, King et al. showed that 60 minutes of swimming suppressed relative energy intake (energy intake minus energy cost of exercise), compared to a resting condition, in trained men [65] . In women, acute exercise may also lower relative energy intake [66] , but weight status seems to play a pivotal role as obese, compared to normal-weight, appear to consume more food after exercise [69] . Surprisingly, none of these studies were designed to assess sex differences. Thus, we recently determined whether men and women, when exposed to the same relative exercise treatment, have different ad libitum energy intake and whether this may be explained by differences in appetite hormones [70•] . Men and women either rested or exercised on a cycle ergometer at 70 % of VO 2 peak until 30 % of total daily energy expenditure was expended, in a crossover, counterbalanced fashion. To potentially control for confounding variables, we matched men and women on body mass index and cardiorespiratory fitness levels, and all women were studied in the early follicular phase of the menstrual cycle.
Surprisingly, we found a clear effect of exercise on energy intake regardless of sex. Specifically, relative energy intake was significantly suppressed after exercise, compared to rest, in both men (672±827, 1133±619 kcal, respectively) and women (-121±243, 530±233 kcal, respectively). Additionally, there was no compensatory increase in total energy intake after exercise (i.e., similar total energy intake in exercise and rest conditions) in both sexes. Moreover, we found that the majority of men and women (19 of 21 subjects) were able to maintain an energy deficit after the exercise condition such that energy intake was not sufficiently increased to match or exceed exercise expenditure. However, we observed a huge variability as 30 % of subjects lowered energy intake after exercise compared to rest condition, whereas the other subjects had higher energy intake after exercise compared to rest condition. The large variability in energy intake is in line with previous exercise studies reporting individual energy intake data [66, 68] . Thus, results of this study showed that acute exercise suppresses relative energy intake regardless of sex, which is consistent with the medium to long-term exercise studies [18, 19••] showing men and women lose similar amounts of weight.
It is important to note that we assessed energy intake at a single ad libitum buffet meal, which limits our ability to infer whether these changes would manifest over-time. When extending daily exercise to weeks or months, sex differences in energy intake have been noted in some but not all studies. In a series of studies, Stubbs and colleagues [71, 72] showed that there was no compensation in energy intake with 7 days of exercise in men. In contrast, women partially compensate by increasing energy intake (+33 %) in response to the same 7 days of exercise. Moreover, Martins et al. [73] assessed whether 6-weeks of exercise training impacts cumulative 24-hour energy intake in men and women. After the exercise intervention, a high-energy preload meal, compared to a low-energy preload, significantly lowered 24-hour energy intake in men. In women however, 24-hour energy intake was unaffected after exercise training. In contrast, Caudwell et al. [19••] found no sex difference in 24-hour energy intake or the satiety response after 12-weeks of exercise training. Taken together, at this time the data is mixed as to whether women, but not men, increase energy intake in response to exercise. More research is obviously needed to disentangle the complex relationship between exercise, ad libitum energy intake, and sex differences.
Conclusions
It has generally been implied that men lose more weight than women in response to regular exercise. This had led researchers to reason that women are better at defending weight, and increase energy intake to match the higher exercise expenditure. In support, others and we have found that women have more robust changes in appetite hormones in a direction expected to stimulate energy intake. The data assessing sex differences in ad libitum energy intake and brain activity are mixed and/or inconclusive however. Moreover, recent data has challenged the paradigm that sex differences exist in weight loss in response to exercise when men and women are clamped at the same exercise expenditure [19••] . Dissemination of these data is critical to show that modest weight loss is achievable with exercise (even in women), and in terms of potentially influencing exercise recommendations for the lay public. In the coming years, the Midwest Exercise Trial II [74] , which is designed to assess men and women on the same relative and absolute amount of exercise expenditure, will shed more light on weight loss with exercise. Thus, the evolving story as to whether there is a true sex difference in exercise-induced weight loss will continue to progress as more research is amassed.
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